Fly ash from incinerated municipal solid waste is a source of secondary pollutants (Cu, Zn, Pb and Cd). The inappropriate management of fly ash leads to the contamination of soil and ground water. This paper is based on the electro-kinetic removal of heavy metals from municipal solid waste incinerated fly ash by using a three-dimensional electrode in orthogonal single and multi-factor experiments to obtain the optimal experimental conditions by varying the leaching toxicity removal rate for the heavy metals in the groups. The optimal dimensions (6 Â 6 mm) of the particle electrodes to achieve high removal rates for heavy metals are found by using various measurements in single-factor orthogonal experiments. In addition, the multi-factor orthogonal experiment is based on three factors: (a) the particle electrode ratio, (b) the voltage gradient and (c) the repair time, while keeping the optimum specification (6 Â 6 mm) for particle electrodes constant. The result showed that a high removal rate for heavy metals was obtained by applying a voltage gradient of 9 V for 5 days (repair time) and a 5% dosing ratio.
A Introduction
In recent years, the handling of a large volume of municipal solid waste has been a great challenge due to the rapid growth of urbanization. There are several methods to dispose of waste including sanitary, incineration and composting. Incineration is one of the most important disposal methods due to the easy selection of a site to treat a large volume of waste while utilizing less space and time. Moreover, because it has less weight (70%) and reduced volume (90%), the disposed material is harmless.
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In recent years, hundreds of waste incinerator plants have been working or are under construction in China, with a processing capacity of 50 000 tons per day. 9, 10 The improper disposal and purication of solid residues and ue gas (containing a high content of heavy metals) may cause secondary pollution in the environment. 11, 12 These secondary pollutants consist predominantly of copper (Cu), zinc (Zn), cadmium (Cd) and lead (Pb). They escape into the environment, causing ground water pollution by inltration and the runoff of rainfall, and ultimately affect human beings. Therefore, proper disposal of y ash is necessary to prevent secondary pollution.
Another technology known as electro-kinetic, is used to remove contaminants from soil. This technology is based on electrodes. Metal ions migrate towards the corresponding electrodes, according to their charge to achieve the recovery of metals. [13] [14] [15] Later, this technology was implemented in y ash treatment for the removal of heavy metals, and it involves three stages: (1) the electrolysis of water in the sample area results in changing basic solution to acidic; (2) under acidic conditions, heavy metals in y ash dissolve out; and (3) electro-kinetic technology is used to remove the heavy metals from the sample area.
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The three-dimensional electrode method 16 is a new type of electro-chemical treatment technology. The traditional twodimensional electrolytic cell transforms into a third electrode aer lling granular or other fragmental particles. The specic surface area of three-dimensional electrodes is greater than that of two dimensional electrodes. A high specic surface area increases mass the transfer effect and ultimately increases the transfer rate. In addition, three-dimensional electrodes increase the current efficiency and space time yield, and they buffer the sample pH.
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The three-dimensional electrode method has mainly been used for waste water treatment worldwide. Zhang Shaofeng et al. studied the current methods for analysing the various factors that inuence the removal rate of Pb in low acidic industrial wastewater. 21 These results present that the removal rate of heavy metals can reach up to 34% by using three-dimensional electrodes with a stainless steel cathode. Additionally, Hao Xuekui et al. stated that compared to the two directional electrode method, the current method has an enhanced removal rate of copper ions up to 38% in dilute acidic solution because the energy requirement is reduced to 20%.
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Gui fen Lv et al. used carbon air-gel instead of activated carbon (which is conventionally used) as a particle electrode in a threedimensional electrode system to treat waste water in the presence of phenol, which stimulates the chemical reaction. 23 The results show that the new particle electrode (carbon air-gel) had a stronger effect and remained active for a longer time than to conventional one. As a new electrochemical technology, the three-dimensional electrode has been widely applied to remove heavy metals or organic substances from waste water. A number of researchers have also worked on desulfurization for ue gas treatment. 24 However, limited research has been conducted on the removal of heavy metals from solid waste.
A number of factors affects the electro-kinetic techniques implemented for treating y ash including the composition of the y ash, the behaviour of heavy metals present in the y ash and electro-kinetic experimental conditions.
The present experiment examined (a) the inuence of various experimental conditions on the removal efficiency of heavy metals from y ash, (b) ways to achieve optimum experimental conditions for the three dimensional electrode technique based on removal rate, repair time and voltage gradient, and (c) a design for a set of single and multi-factor orthogonal experiment. The present experiment obtained the optimal conditions for three-dimensional electrode systems by using a single treatment that requires a specic particle electrode, particle electrode concentration ratio, voltage gradient between electrodes, and repair time to be chosen as the main design indices. In addition, an experiment was designed for the leaching of heavy metals, which is an indication of heavy metals removal.
B Methods and experiments a Materials
The y ash samples were taken from a municipal waste incineration furnace in Chongqing. The y ash samples were dried by heating at 105 C for 24 h and were sieved through 200-mesh (75 microns) to remove large particles. The water used in the electric experiment is tap water. The chemical composition is shown in Table 1 , which is derived from Chongqing Water Supply Co., Ltd. The water used in the leaching experiment was an acetic acid solution with a pH of 2.64, that was prepared according to the Solid Waste Leaching Toxicity Leaching Method -Acetate Buffer Solution (HJ/T300-2007).
(a) The analysis of the total content of heavy metals in y ash. The samples were digested by using the microwave digestion method to analyse the total amount of heavy metals in MSWI y ash. They were digested in a mixture of HNO 3 -: HF : H 2 O 2 ¼ 5 : 4 : 1. Three samples (each of 0.5 g) of dried (110 C) y ash were digested in the digestion mixture. The results are given in Table 2 . As seen from Table 2 , the content of Cu, Zn, Pb and Cd in the y ash exceeded the soil environmental residential land secondary standards (GB15618-2008). The average Zn and Pb contents were 11.2 and 6.1 times greater than the secondary standards (GB15618-2008), respectively. Although the Cu and Cd concentrations were relatively low compared to Zn and Pb, they still exceeded the soil environmental residential land secondary standards (GB15618-2008).
(b) The XRF analysis of y ash. The results in Table 3 show that the incinerated y ash of MSW mainly contained O, Ca, Cl, Na, K, S, Si and other elements in trace amounts. Furthermore, it can be observed that heavy metals (e.g., Cu, Zn, Pb, Cr, Mn) occurred in trace amounts, and were most closely integrated with silicate, and silicon aluminates. The resulting analyses of heavy metals may vary depending on the different methodologies and latest technologies. The XRF results show that Zn was in the highest concentration followed by Pb and Cu. But Cd is also present in a high concentration, as shown in Table 2 . These heavy metals are harmful for the environment. Therefore, the present study is based on the heavy metals Cu, Zn, Pb and Cd.
b The experimental device
The electro-kinetics removal experiment was conducted in a small glass chamber, with the sample region having dimensions of 8 Â 8 cm. The most commonly used particle electrodes are activated carbon and graphite. The experiment was greatly affected by the nature and concentration of the particle electrode. In this experiment, the graphite electrode served as a particle electrode instead of activated carbon. A high EC may result in a short circuit and reduce the experimental reliability. Fly ash (150 g) was mixed with different mass percentages of graphite particle electrodes and placed into the experimental sample region, in which the level of water was high compared to the content of y ash. A stain less steel cathode and graphite anode were connected to the main power supply via aluminum wire (Fig. 1) . The parameters were adjusted according to the single factor orthogonal experiment.
c The design of the experiment Based on other literature, which considered the removal rate and the unit energy consumption, the single factor experiment was designed with the graphite particle electrode (A1-A5 in Table 4 ) as the variable factor. The other three invariant factors were as follows: the particle electrode ratio was 10%, the voltage was 4.5 V, and the repair time was 5 days with three parallel experiments.
The optimal experimental conditions for particle electrode specications obtained by the single-factor experiment were used in the orthogonal experiment. The L 9 (3 4 ) orthogonal table (as shown in Table 5 ) was designed with three factors, the particle electrode ratio, the voltage gradient and repair time.
d The calculation of the results
The design of the experiment was made in such a way that the sample region was divided into three sections (as shown in Fig. 1 ): T1 (near the cathode channel), T2 (middle area) and T3 (near the anode tank). The y ash samples were used for further analysis. Leaching toxicity was measured by the "Solid Waste method for leaching toxicity-acetic acid buffer solution method" (HJ/T300-2007). An atomic absorption spectrophotometer (AAS) was used to determine the concentration of copper, zinc, lead and cadmium from the leachate.
The heavy metal leaching toxicity removal rate was the ratio of leaching toxicity difference of the y ash (before and aer electro-kinetics removal) and the leaching toxicity of y ash before the electro-kinetic removal. The mathematical expression is:
where, the removal rate for heavy metals leaching toxicity was represented by y. U 0 represented the leaching toxicity of y ash heavy metal before electro-kinetics removal and the toxicity aer electro-kinetics removal was noted by U.
e Leaching tests
A leaching toxicity test that referred to the Chinese standard HJ/ T299-2007-"The leaching toxicity of solid waste-acetic acid buffer solution method" was done for the solidied samples. The pulverized sample particles ranging from 4.75 to 9.50 mm were sieved and mixed with prepared chemical reagents (glacial acetic acid solution) at a ratio of 20 : 1 (liquid/mass, mL g À1 ).
The mixture was shaken on an oscillating device at the speed of 30 AE 2 rpm for 18 AE 2 h and kept at a constant temperature of 23 AE 2 C. The leachate from the samples was ltered through a microporous lter membrane (F 0.8 mm) and the concentration of heavy metal ions (Zn, Pb, Cu and Cd) were detected using an atomic absorption spectrophotometer (AAS).
C Results and discussion a Macro phenomenon
Aer pretreatment (sieving and drying), the pH of the samples was recorded every 12 hours in both the single and multi-factor orthogonal experiments. Basically the experimental phenomena were the same in both experiments:
(1) A bubbling phenomenon with emission of a pungent odour was observed in the cathode and anode electrode regions as the power was supplied. This phenomenon occurred due to presence of Cl À ions in the y ash sample and water.
Cathodic reaction:
Anodic reaction:
(2) During the experiment, the y ash within the sample area gradually became compacted and hardened.
(3) As shown in Fig. 2 , white precipitates of the metals were observed at the cathode electrode due to the presence of OH À ions in the alkali environment. There was no precipitation on the anode electrode because of H + ions in the acidic environment. b The single factor experiment (a) The change of the current systems over time. Fig. 3 shows the change of the current versus time of removal of the heavy metals from ve groups (Table 4) in the single factor electro-kinetic removal experiment system. The current in the system was related to the quantity of electro-kinetics charge moving through the sample region in a unit time. As seen from Fig. 3 , the initial current was nearly the same for all ve groups. It was noted that the current gradually decreased for two reasons: rst, heavy metals and other cations migrated towards the cathode during the electro-kinetic removal process. Among these cations; some maintained their ionic state, but others precipitated in the alkaline environment, and were attached to the cathode. This caused an increase in resistance and hence, the current was reduced. 25 The second reason is that precipitated cations were attached to y ash by reducing the gap between them, near the walls of the glass where the cathode is grooved. This lead to an increase in the resistance (by a reduction in the concentration of free ion) of the sample area, consequently, the current was reduced.
(b) The change of pH over time. The pH variations over time at the cathode and anode inuenced regions are shown in Fig. 4 for the single-factor experiment (for ve groups). Later, pH was decreased to approximately 10. Although the variation of pH was not signicantly obvious around the anode zone, it was concluded that with the passage of time, a decrease in current and a reduction of OH À , the pH decreased in the cathode inuenced area.
(c) The analysis of the removal results. The current experiment was categorized into ve groups (A1, A2, A3, A4 and A5) based on different specications/dimensions of the graphite particle electrodes while keeping the other three factors constant: the particle dose ratio (10%), voltage (4.5 V) and repair time (5 days) in all groups. The experimental lay out and average removal rate for Cu, Zn, Pb and Cd with F ratios is shown in Table 4 . ANOVA (Analysis of Variance) was performed to achieve the optimum level among the ve dimensions.
The removal rate for the ve groups is shown in Table 4 . It was noted from the results that the Cu, Pb and Cd removal rates were signicantly affected in all groups. Although the four kinds of particle sizes had no effect on Zn removal, the maximum removal rate for Cu and Pb was observed in A5, with This journal is © The Royal Society of Chemistry 2017 a dimension of 6 Â 6 mm; in case of Cd, it was observed for A2 (4 Â 4 mm). The decreasing orders of removal rate are presented in Table 4 . The particle contact points increased due to the increasing specic surface area of the particle electrodes, resulting in resistance between particles decreasing and current ow increasing. The results indicate that particle electrode with dimension of 6 Â 6 mm were optimum.
c The multifactor experiment (a) The change of the current systems over time. The nine experiments were conducted by using three factors at different values: the particle electrode ratio (A), voltage gradient (B) and repair time (C). In addition, each factor was replicated three times in different combinations, as seen in Table 5 . The change in current with respect to time for the multifactor electro-kinetic removal orthogonal experiment is shown in Fig. 5 . It can be seen that the initial current was huge for the experiments provided with a high voltage gradient compared with a low voltage gradient i.e., V3 (S7, S8, S9) > V2 (S4, S5, S6) > V1 (S1, S2, S3). Among these three groups of voltage gradient, S1, S4 and S8 had a higher initial current than did the other two experimental replicates from their respective groups (A1, A2, and A3, respectively). It was due to the different ratios of the graphite particle electrode. In the three-dimensional electrode system, the electro-kinetic eld between the cathode and anode electrodes polarized the graphite particles, and the charged particles migrated to their respective poles. With the migration of the particles, the oxidation and reduction of ions occurred at the anode and cathode respectively. Moreover the space between particles had a great inuence on the change in current. 26 A decrease in the electro-kinetic current was observed with the passage of time. This occurred was due to the production of OH À during the electrolysis of water, which resulted in the precipitation of ions.
(b) The analysis of the removal results. The optimal dimensions for particle electrode were achieved on the basis of a single-factor orthogonal experiment and they were used for the multifactor orthogonal experiment. The layout of an orthogonal experiment L 9 (3 4 ) is presented in Table 5 . Nine groups were carried out each with three replicates (9 Â 3 ¼ 27). Later the sample area was divided in to three parts with the help of stainless steel to get three samples (T1, T2, T3) for heavy metals removal analysis from each group; thus, the total was 81 (9 Â 3 ¼ 27 Â 3 ¼ 81) samples. The average removal rates for heavy metals were determined by using eqn (1), and the range analysis results are presented in Table 5 . Fig. 6 shows that the removal rate for heavy metals was gradually reduced with the repair time. The electro-kinetics removal rate for heavy metals was faster aer 5 days than it was aer 15 days. As the H + ions increased with the passage of Fig. 3 The single factor experiment current change. Fig. 4 The pH variation of the single factor experiment. ash particles, and the heavy metal in the solid residues is released. ➃ The unreacted H + continues to react chemically with the active substances in the y ash particles, and the heavy metal ions released in the third step enter into the solid residues by diffusion; ➄ The y ash heavy metal ions from the fourth step further diffuse from the solid surface outward.
Then the heavy metals are removed from the y ash. It can be seen from Table 6 that, the range of the three factors for Cu was R A ¼ 9.15, R B ¼ 12.76, and R C ¼ 68.59. The range of the three factors for Zn was R A ¼ 4.556666667, R B ¼ 7.11, and R C ¼ 77.52. The range of the three factors for Pb was R A ¼ 3.21, R B ¼ 12.88, and R C ¼ 26.56; and the range of the three factors for Cd was R A ¼ 6.78, R B ¼ 8.46, and R C ¼ 66.38. The results for the ranges of the three factors of the four elements suggested that the most inuential factor was C. In general, every factor has an impact on the removal rate of heavy metals but repair time was best followed by the voltage gradient and the particle dose ratio. A1, B2 and C1 were the optimum factor levels for the removal of heavy metals with the optimal combination of A1B2C1. Therefore, it is concluded that the best removal rate were obtained with a 5% dosing ratio, a voltage gradient of 9 V and 5 days of repair time.
D Conclusions
During the electric experiment, the H + that was produced by the anode electrolysis of water migrated to the sample area and reacted with the heavy metal compound, and the heavy metal ions were released. The heavy metal ions migrated to the cathode under the action of the electric eld, which removed the heavy metal in the y ash. Proper handling of high concentrations of heavy metals (Cu, Zn, Pb and Cd) is necessary to protect the environment. In the present scheme, it can be seen from the table of XRF results that the heavy metals in MSWI y ash exist mainly in the form of oxides, and that the content of heavy metals in y ash is much higher than the environmental soil (GB15618-2008) of residential land secondary standards. The samples were treated using a threedimensional electrode with graphite particles as a third electrode for removing heavy metals. In the single-factor orthogonal experiment, the best removal rate for heavy metals is observed in a graphite electrode having the dimensions of 6 Â 6 mm. In contrast, the best results in the multi-factor orthogonal experiments, which were based on three factors including the particle electrode ratio, voltage gradient and repair time, are obtained aer ve days repair time with a voltage gradient of 9 V and a 5% dose ratio for the particle electrode. The removal rates for Cu, Zn, Pb and Cd were 89.05%, 90.51%, 50.38% and 82.56%, respectively, and they are greatly improved compared to electrokinetic remediation with two-dimensional electrodes. Thus, I think the electro-kinetic remediation with three-dimensional electrodes has a certain degree of desirability and reference for the electro-kinetic remediation of heavy metals. 
